
Supersymmetric extensions
of the Standard Model

(Lecture 3 of 4)

Heather Logan

Carleton University

Hadron Collider Physics Summer School

Fermilab, August 2010

1



Outline

Lecture 1: Introducing SUSY

Lecture 2: SUSY Higgs sectors

Lecture 3: Superpartner spectra and detection

Lecture 4: Measuring spins, couplings, and masses

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010

2



In my first lecture I showed a schematic sample SUSY spectrum

(which may or may not have anything to do with reality):

Some features:

• Ñ1 is the LSP

• t̃1 and b̃1 are the

lightest squarks

• τ̃1 is the lightest

charged slepton

• Colored particles

are heavier than

uncolored particles

from Martin, hep-ph/9709356

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010

3



Where do these features come from?

SUSY particle masses are (presumably) set at a high scale by
some SUSY-breaking mechanism.

Masses run down by renormalization group equations.

E.g., “Constrained MSSM” (CMSSM, a.k.a. mSUGRA):
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

from Martin, hep-ph/9709356
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To do phenomenology, we need to know what the SUSY breaking
terms are at the electroweak scale.

These are different from the high-scale SUSY breaking terms
because of vacuum polarization.

[figure stolen from universe-review.ca]

Charge measured at large distance

(low energy) is different from charge

measured at short distance (high

energy) due to screening by virtual

particles.

Same idea applicable to other cou-

plings, masses, etc.

Coupling dependence on scale is en-

coded in renormalization group equa-

tions.
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Gauge couplings: Running is given by the beta functions ba.

d

dt
α−1
a = − ba

2π
(a = 1,2,3)

- the energy scale dependence is encoded by t ≡ ln(Q/Q0)

Q is the “current” scale; Q0 is the starting scale

- a = 1,2,3 refers to U(1)Y , SU(2)L, and SU(3)c gauge couplings

- The beta functions ba are what you get when you calculate all

the loop diagrams:

bSM
a =

(
41

10
,−19

6
,−7

)
bMSSM
a =

(
33

5
,1,−3

)
These depend on the number of particles and their gauge charges.
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Gauge couplings: figure from Martin, hep-ph/9709356

Dashed lines: SM Solid lines: MSSM
(Bands are the uncertainties in the low-energy values.)

Here’s another glory of SUSY: gauge coupling unification!
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Gaugino mass parameters:

Running determined by same ba as gauge couplings:

d

dt
Ma =

1

8π2
ba g

2
aMa bMSSM

a =
(

33

5
,1,−3

)
Ratios Ma/g2

a are scale independent up to small 2-loop effects.

In mSUGRA (Constrained MSSM), the gaugino masses unify:

M1(MPl) = M2(MPl) = M3(MPl) ≡ m1/2

Gauge couplings also unify nearby, at MGUT ' 0.01MPl, so

g2
1(MPl) ≈ g2

2(MPl) ≈ g2
3(MPl) ≈ g2

GUT [g1 =
√

5/3g′: GUT norm’n]

Therefore in the CMSSM (and any model with gaugino mass

unification near MPl),

M1

g2
1
' M2

g2
2
' M3

g2
3
'
m1/2

g2
GUT
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Low-scale gaugino mass parameters satisfy unification relations:

M1 =
g2

1

g2
2
M2 ' 0.5M2 M3 =

g2
3

g2
2
M2 ' 3.5M2

M1: bino mass parameter, controls mass of lightest neutralino
in mSUGRA.

M2: wino mass parameter, controls mass of one chargino and
one neutralino.

(Other chargino and two neutralinos controlled by Higgsino mass parameter µ)

M3: gluino mass parameter: this is the mass of the gluino.

This unification assumption underlies usually-quoted mass limits
on lightest neutralino: really the limit is on M2 from chargino
searches at LEP and Tevatron.

These relations can be avoided in models in which the gaugino
masses do not unify at the GUT scale; e.g. gauge mediated
models.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

from Martin, hep-ph/9709356

Gaugino mass unification:

M1 =
g2

1

g2
2
M2 ' 0.5M2 M3 =

g2
3

g2
2
M2 ' 3.5M2

M
Ñ1
' 0.5 M

Ñ2,C̃1
Mg̃ ' 3.5 M

Ñ2,C̃1

These relations can be avoided in models in which the gaugino
masses do not unify at the GUT scale; e.g. gauge mediated
models.
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Higgs sector mass parameters recall Vbreaking ⊃ m2
H1
H†1H1 +m2

H2
H†2H2

16π2 d

dt
m2
H1

= 3Xb +Xτ − 6g2
2|M2|2 −

6

5
g2

1|M1|2

16π2 d

dt
m2
H2

= 3Xt − 6g2
2|M2|2 −

6

5
g2

1|M1|2

Xt, Xb, Xτ are some convenient positive-definite parameter combinations,

Xt = 2|yt|2(m2
Hu

+m2
Q3

+m2
ū3

) + 2|at|2

Xb = 2|yb|2(m2
Hd

+m2
Q3

+m2
d̄3

) + 2|ab|2

Xτ = 2|yτ |2(m2
Hd

+m2
L3

+m2
ē3

) + 2|aτ |2

Xt,b,τ decrease the Higgs masses as you

evolve down from the GUT scale.

Can start with positive mHu and mHd
at the GUT scale and have them run

negative by the EW scale.

This is radiative electroweak symme-

try breaking – usually caused by Xt be-

cause yt is large.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

from Martin, hep-ph/9709356
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Squark and slepton mass parameters:
The RGEs for the 3rd generation are:

16π2 d

dt
m2
Q3

= Xt +Xb −
32

3
g2

3|M3|2 − 6g2
2|M2|2 −

2

15
g2

1|M1|2

16π2 d

dt
m2
ū3

= 2Xt −
32

3
g2

3|M3|2 −
32

15
g2

1|M1|2

16π2 d

dt
m2
d̄3

= 2Xb −
32

3
g2

3|M3|2 −
8

15
g2

1|M1|2

16π2 d

dt
m2
L3

= Xτ − 6g2
2|M2|2 −

3

5
g2

1|M1|2

16π2 d

dt
m2
ē3

= 2Xτ −
24

5
g2

1|M1|2

RGEs for 1st and 2nd generations are the same but without the
Xt,b,τ Yukawa contributions.

Large g2
3 contribution runs squarks

heavier than sleptons.

Xt,b,τ contributions run 3rd gen lighter

than 1st & 2nd. [dashed lines]

figure from Martin, hep-ph/9709356
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary
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What have we learned from the RGEs?

- Squarks run heavier than sleptons due to g2
3 contribution.

- Gluino runs heavier than weak gauginos due to strong g3.
Expect colored sparticles to be heavier than uncolored sparticles.
[if their high-scale masses are not too different]

- Third generation runs lighter due to Yukawa contributions.
Combined with f̃L–f̃R mixing in 3rd gen, expect lightest
squark, slepton to be 3rd-gen.

Collider complementarity

LHC: Produce heavy colored

particles via QCD; lighter un-

colored particles harder to see

(lower rates).

ILC: Produce lighter uncolored

particles via EW interactions;

heavy colored particles beyond

kinematic reach.
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SUSY particles and collider phenomenology

The general features of SUSY phenomenology are controlled by:

R-parity conservation [introduced to avoid fast proton decay]

- Lightest R-odd particle (LSP) is stable
- Decay chains of R-odd (SUSY) particles must end in LSP
- LSP as dark matter: requires LSP to be neutral and uncolored
→ escapes from detector → missing energy

Mass spectrum [controlled by SUSY breaking and RGEs]

- Heavier particles decay through a cascade of lighter particles
→ High multiplicity of objects in SUSY events – multijets, multileptons

- NLSP affects event content:
– light stau → events with taus
– light sbottom → events with b-jets

Couplings
- In general, couplings are just the supersymmetrized version of
SM couplings. Necessary to preserve solution to the hierarchy problem!

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010

14



Superparticle production at hadron colliders

SUSY particles are produced in pairs (because of R-parity).

Production via QCD generally dominates, even though squarks

and gluinos are typically heavy:
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Figure 9.1: Feynman diagrams for electroweak production of sparticles at hadron colliders from quark-
antiquark annihilation. The charginos and neutralinos in the t-channel diagrams only couple because
of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 9.2: Feynman diagrams for gluino and squark production at hadron colliders from gluon-gluon
and gluon-quark fusion.
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of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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Figure 9.3: Feynman diagrams for gluino and squark production at hadron colliders from strong quark-
antiquark annihilation and quark-quark scattering.

belong to the C̃+
1 C̃−

1 and C̃1Ñ2 channels, because they have significant couplings to γ, Z and W bosons,
respectively, and because of kinematics. At the LHC, the situation is typically reversed, with production
of gluinos and squarks by gluon-gluon and gluon-quark fusion usually dominating, unless the gluino and
squarks are heavier than 1 TeV or so. At both colliders, one can also have associated production of a
chargino or neutralino together with a squark or gluino, but most models predict that the cross-sections
(of mixed electroweak and QCD strength) are much lower than for the ones in (9.1)-(9.6). Slepton pair
production as in (9.2) may be rather small at the Tevatron, but might be observable there or at the
LHC [210]. Cross-sections for sparticle production at hadron colliders can be found in refs. [211], and
have been incorporated in computer programs including [186],[212]-[217].

The decays of the produced sparticles result in final states with two neutralino LSPs, which escape
the detector. The LSPs carry away at least 2m

Ñ1
of missing energy, but at hadron colliders only

the component of the missing energy that is manifest in momenta transverse to the colliding beams
(denoted /ET ) is observable. So, in general the observable signals for supersymmetry at hadron colliders
are n leptons + m jets + /ET , where either n or m might be 0. There are important Standard Model
backgrounds to many of these signals, especially from processes involving production of W and Z
bosons that decay to neutrinos, which provide the /ET . Therefore it is important to identify specific
signals for which the backgrounds can be reduced. Of course, this depends on which sparticles are
being produced and how they decay.

The classic /ET signal for supersymmetry at hadron colliders is events with jets and /ET but no
energetic isolated leptons. The latter requirement reduces backgrounds from Standard Model processes
with leptonic W decays, and is obviously most effective if the relevant sparticle decays have sizable
branching fractions into channels with no leptons in the final state. One must choose the /ET cut high
enough to reduce backgrounds from detector mismeasurements of jet energies. The jets+/ET signature
is one of the main signals currently being searched for at the Tevatron, and is also a favorite possibility
for the first evidence for supersymmetry to be found at the LHC. It can get contributions from every
type of sparticle pair production, except sleptons.

The trilepton signal [218] is another possible discovery mode, featuring three leptons plus /ET , and
possibly hadronic jets. At the Tevatron, this would most likely come about from electroweak C̃1Ñ2

production followed by the decays indicated in eq. (8.4), in which case high-pT hadronic activity should
be absent in the event. A typical Feynman diagram for such an event is shown in fig. 9.4. It could
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of their gaugino content, for massless initial-state quarks, and so are drawn as wavy lines superimposed
on solid.
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etc.

LHC reach depends on mass spectrum.

Reach for gluinos & squarks is typically out to about 2 TeV.
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Superparticle production at hadron colliders

Production via electroweak interactions is also possible.
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Ñj

u

d

ũL
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Ñj

q

q

q̃L,R

Ñi

Ñj

q

q

q̃L,R

Ñi
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Ñj

u

d

ũL
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Rates are smaller than for colored particles because production

cross sections involve EW couplings.
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Superparticle decays

Gluino decays: always to q q̃.
If M

g̃
< M

q̃
, then gluino will decay via an off-shell squark:

3-body decays, g̃ → qq̃∗ → qq̄Ñi or qq̄′C̃i

Squark decays:
To q g̃ (strong coupling) if kinematically allowed.
Otherwise q Ñ or q C̃ or (for 3rd gen.) q H̃.
Decay branching fractions controlled by squark and -ino compositions.

Slepton decays: to ` Ñ or ` C̃ (` = `± or ν as appropriate)

Neutralino and chargino decays: to ` ˜̀ or q q̃,
or to gauge or Higgs boson + lighter neutral-/charg-ino

Typically get decay chains, which always end with the LSP.

For example:g̃ q̃R

q q

Ñ1

(a)

g̃ q̃L

q q

Ñ2 f̃

f f

Ñ1

(b)

g̃ q̃L

q q′

C̃1 f̃

f ′ f

Ñ1

(c)

g̃ q̃L

q q′

C̃1 W

Ñ1 f ′

f

(d)

Figure 8.2: Some of the many possible examples of gluino cascade decays ending with a neutralino
LSP in the final state. The squarks appearing in these diagrams may be either on-shell or off-shell,
depending on the mass spectrum of the theory.

8.5 Decays to the gravitino/goldstino

Most phenomenological studies of supersymmetry assume explicitly or implicitly that the lightest neu-
tralino is the LSP. This is typically the case in gravity-mediated models for the soft terms. However,
in gauge-mediated models (and in “no-scale” models), the LSP is instead the gravitino. As we saw in
section 6.5, a very light gravitino may be relevant for collider phenomenology, because it contains as its
longitudinal component the goldstino, which has a non-gravitational coupling to all sparticle-particle
pairs (X̃,X). The decay rate found in eq. (6.32) for X̃ → XG̃ is usually not fast enough to compete
with the other decays of sparticles X̃ as mentioned above, except in the case that X̃ is the next-to-
lightest supersymmetric particle (NLSP). Since the NLSP has no competing decays, it should always
decay into its superpartner and the LSP gravitino.

In principle, any of the MSSM superpartners could be the NLSP in models with a light goldstino,
but most models with gauge mediation of supersymmetry breaking have either a neutralino or a charged
lepton playing this role. The argument for this can be seen immediately from eqs. (6.58) and (6.59);
since α1 < α2, α3, those superpartners with only U(1)Y interactions will tend to get the smallest
masses. The gauge-eigenstate sparticles with this property are the bino and the right-handed sleptons
ẽR, µ̃R, τ̃R, so the appropriate corresponding mass eigenstates should be plausible candidates for the
NLSP.

First suppose that Ñ1 is the NLSP in light goldstino models. Since Ñ1 contains an admixture of
the photino (the linear combination of bino and neutral wino whose superpartner is the photon), from
eq. (6.32) it decays into photon + goldstino/gravitino with a partial width

Γ(Ñ1 → γG̃) = 2 × 10−3 κ1γ

( m
Ñ1

100 GeV

)5
( √〈F 〉

100 TeV

)−4

eV. (8.9)

Here κ1γ ≡ |N11 cos θW + N12 sin θW |2 is the “photino content” of Ñ1, in terms of the neutralino
mixing matrix Nij defined by eq. (7.33). We have normalized m

Ñ1
and

√〈F 〉 to (very roughly)
minimum expected values in gauge-mediated models. This width is much smaller than for a typical
flavor-unsuppressed weak interaction decay, but it is still large enough to allow Ñ1 to decay before it
has left a collider detector, if

√〈F 〉 is less than a few thousand TeV in gauge-mediated models, or
equivalently if m3/2 is less than a keV or so when eq. (6.31) holds. In fact, from eq. (8.9), the mean
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Generic signatures of SUSY at hadron colliders:

Missing transverse energy

- From two escaping LSPs

Large jet multiplicity

- Produce heavier SUSY particles via QCD; long decay chains

Large
∑
ET in event

- Decay of heavy particles produces energetic jets, leptons

- Relatively spherical distribution in detector

Like-sign leptons or b-jets

- Gluino is Majorana—decays equally likely to q q̃∗ or q̄ q̃

- Decay chain gives leptons—like-sign if qqq̃∗q̃∗ or q̄q̄q̃q̃

Many more specific signatures have been studied in detail.

Signatures depend strongly on mass spectrum.
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LHC reach for discovering SUSY [an example in mSUGRA]

mSugra with tanβ = 10, A0 = 0, µ > 0
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Figure 1: The reach of CERN LHC in the m0 vs. m1/2 parameter plane of the mSUGRA model,
with tanβ = 10, A0 = 0 and µ > 0, assuming 100 fb−1 of integrated luminosity. The red (magenta)
regions are excluded by theoretical (experimental) constraints discussed in the text. We show the
reach in the 0", 1", OS, SS, 3", ≥ 4", γ and Z channels, as well as in the “inclusive” "ET channel.

from h → γγ decay, where the h is produced copiously in sparticle cascade decays, especially

from Z̃2 → Z̃1h. In these regions, in fact, if we require two isolated photons, then we can

reconstruct a di-photon invariant mass. This is illustrated in Fig. 2 for the parameter space

point m0 = m1/2 = 500 GeV, A0 = 0, tan β = 30 and µ > 0. It is amusing to note that the

h → γγ signal should be visible in SUSY events for 100 fb−1 of integrated luminosity. We

see that (for these parameters) the highest possible luminosity is needed for the detection

events have ∼ 10 30-40 GeV “jets” in them, about one in 500 background events will also appear to have

an isolated photon. Assuming that this fake photon background can be estimated by reducing the physics

background in the inclusive Emiss
T channel by 500, we find that this background is somewhat smaller, but

of the same order of magnitude as the physics background that we have evaluated. A real evaluation of

this detector-dependent background is beyond the scope of our analysis.

– 6 –

from Baer, Balázs, Belyaev, Krupovnickas, & Tata, hep-ph/0304303
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SUSY breaking and phenomenological problems

The flavor sector has features that happen “by accident” in the

Standard Model that must be engineered in the MSSM.

Small flavor-changing neutral currents

- SM: GIM mechanism

- MSSM: generic set of SUSY-breaking squark and slepton mass

terms cause large mixing: disastrously huge contributions to

flavor-changing observables.

CP violation appears to come only from phase of the CKM matrix

- SM: CKM matrix is the only possible source of CP violation

(aside from θQCD...)

- MSSM: generic set of SUSY-breaking couplings can have lots

of new CP-violating phases: disastrously huge contributions to

CP-violating observables (electric dipole moments, etc.)
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Solutions to these problems drive the form of the SUSY-breaking

mediation mechanisms.

SUSY-breaking models try to keep SUSY breaking “flavor-blind”,

so that the only flavor dependence comes from the CKM matrix.

- Prevents large flavor-changing effects that would come from

different mixing among squarks than among quarks

- Prevents large CP-violation by avoiding new phases in squark

sector

Make the 3 generations of each squark type degenerate at the

high scale:

→ characteristic mass patterns in low-energy spectrum due to

RGE running

→ squark flavors correspond to quark flavors

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010
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SUSY-breaking mediation mechanisms

“Minimal supergravity” (mSUGRA), also called the Constrained

MSSM (CMSSM)

- Non-universal scalar mass model (for dark matter)

Gauge-mediated SUSY breaking (GMSB)

Anomaly-mediated SUSY breaking (AMSB)
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“Minimal supergravity” (mSUGRA)

Rationale:

- Any SUSY-breaking hidden sector is bound to interact with

visible sector via gravity.

- Gravity doesn’t care about any particle properties (other than

mass), except maybe spin.

“Four and a half” free parameters:

- Common scalar mass m0

- Common gaugino mass m1/2

- tanβ (trade for, e.g., b after minimizing the Higgs potential)

- A squark/slepton trilinear coupling called A0

- The sign of µ (SUSY-preserving parameter)—magnitude of µ

is fixed by getting the right W mass from EWSB
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Can plot things in a nice low-dimensional parameter space in
terms of the high-scale parameters:

mSugra with tanβ = 10, A0 = 0, µ > 0
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Figure 1: The reach of CERN LHC in the m0 vs. m1/2 parameter plane of the mSUGRA model,
with tanβ = 10, A0 = 0 and µ > 0, assuming 100 fb−1 of integrated luminosity. The red (magenta)
regions are excluded by theoretical (experimental) constraints discussed in the text. We show the
reach in the 0", 1", OS, SS, 3", ≥ 4", γ and Z channels, as well as in the “inclusive” "ET channel.

from h → γγ decay, where the h is produced copiously in sparticle cascade decays, especially

from Z̃2 → Z̃1h. In these regions, in fact, if we require two isolated photons, then we can

reconstruct a di-photon invariant mass. This is illustrated in Fig. 2 for the parameter space

point m0 = m1/2 = 500 GeV, A0 = 0, tan β = 30 and µ > 0. It is amusing to note that the

h → γγ signal should be visible in SUSY events for 100 fb−1 of integrated luminosity. We

see that (for these parameters) the highest possible luminosity is needed for the detection

events have ∼ 10 30-40 GeV “jets” in them, about one in 500 background events will also appear to have

an isolated photon. Assuming that this fake photon background can be estimated by reducing the physics

background in the inclusive Emiss
T channel by 500, we find that this background is somewhat smaller, but

of the same order of magnitude as the physics background that we have evaluated. A real evaluation of

this detector-dependent background is beyond the scope of our analysis.

– 6 –

from Baer, Balázs, Belyaev, Krupovnickas, & Tata, hep-ph/0304303
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Complicated-looking spectrum, but mostly controlled by RGEs.
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Figure 7.4: RG evolution of scalar and gaugino mass parameters in the MSSM with typical minimal
supergravity-inspired boundary conditions imposed at Q0 = 2.5× 1016 GeV. The parameter µ2 + m2

Hu

runs negative, provoking electroweak symmetry breaking.

Figure 7.4 shows the RG running of scalar and gaugino masses in a typical model based on the
minimal supergravity boundary conditions imposed at Q0 = 2.5 × 1016 GeV. [The parameter values
used for this illustration were m0 = 80 GeV, m1/2 = 250 GeV, A0 = −500 GeV, tan β = 10, and
sign(µ)= +.] The running gaugino masses are solid lines labeled by M1, M2, and M3. The dot-dashed
lines labeled Hu and Hd are the running values of the quantities (µ2 + m2

Hu
)1/2 and (µ2 + m2

Hd
)1/2,

which appear in the Higgs potential. The other lines are the running squark and slepton masses,
with dashed lines for the square roots of the third family parameters m2

d3
, m2

Q3
, m2

u3
, m2

L3
, and m2

e3

(from top to bottom), and solid lines for the first and second family sfermions. Note that µ2 + m2
Hu

runs negative because of the effects of the large top Yukawa coupling as discussed above, providing for
electroweak symmetry breaking. At the electroweak scale, the values of the Lagrangian soft parameters
can be used to extract the physical masses, cross-sections, and decay widths of the particles, and other
observables such as dark matter abundances and rare process rates. There are a variety of publicly
available programs that do these tasks, including radiative corrections; see for example [186]-[195],[177].

Figure 7.5 shows deliberately qualitative sketches of sample MSSM mass spectrum obtained from
three different types of models assumptions. The first is the output from a minimal supergravity-
inspired model with relatively low m2

0 compared to m2
1/2 (in fact the same model parameters as used

for fig. 7.4). This model features a near-decoupling limit for the Higgs sector, and a bino-like Ñ1

LSP, nearly degenerate wino-like Ñ2, C̃1, and higgsino-like Ñ3, Ñ4, C̃2. The gluino is the heaviest
superpartner. The squarks are all much heavier than the sleptons, and the lightest sfermion is a stau.
Variations in the model parameters have important and predictable effects. For example, taking larger
m2

0 in minimal supergravity models will tend to squeeze together the spectrum of squarks and sleptons
and move them all higher compared to the neutralinos, charginos and gluino. Taking larger values of
tan β with other model parameters held fixed will usually tend to lower b̃1 and τ̃1 masses compared to
those of the other sparticles.

The second sample sketch in fig. 7.5 is obtained from a typical minimal GMSB model, with boundary

79

from Martin, hep-ph/9709356
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mSUGRA with non-universal scalar masses (NUHM)

In mSUGRA, regions with acceptable dark matter density look

very fine-tuned. (Hard to get enough annihilation)

Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

“Bulk region”:

- Ñ1 mostly bino

- Light superparticles: mostly

ruled out

“Stau coannihilation”:

- Large m1/2

- τ̃1 only slightly heavier than Ñ1

“Focus point”:

- Large m0; µ becomes small

- Ñ1 is mixed bino-Higgsino
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Can relax fine-tuning if m0 for the Higgses is different from m0

for the squarks/sleptons.

Motivated by SO(10) SUSY GUT:

- Higgs multiplets live in one SO(10) representation while SM

fermions all live in a different one.

- “Natural” to have a different m0 parameter for the different

SO(10) multiplets.

- Gauge groups are unified → should have common gaugino mass

at high scale.

Make Higgsinos lighter; get mixed bino-Higgsino LSP without as

much fine-tuning.
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Gauge-mediated SUSY breaking (GMSB)

Mechanism:

- SUSY breaking happens in a field in the “hidden sector”

- That field couples to some chiral supermultiplets (the “messen-

gers”), giving them mass Mmess and splitting the scalar/fermion

masses by the SUSY breaking scale-squared FSUSY

- The messengers are charged under SM gauge group(s)—SUSY

breaking is induced in the visible sector by loops involving gauge

interactions.

Gaugino masses:
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Figure 1: Feynman diagrams contributing to supersymmetry-breaking gaugino (λ) and sfermion
(f̃) masses. The scalar and fermionic components of the messenger fields Φ are denoted by
dashed and solid lines, respectively; ordinary gauge bosons are denoted by wavy lines.
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Figures from Giudice & Rattazzi, Phys. Rept. 322, 419 (1999), GMSB review article
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Nice features of GMSB:

- Very predictive: only 2 SUSY-breaking parameters FSUSY and

Mmess; otherwise depends only on number of messengers and

their gauge charges.

- Gauge couplings are flavor-blind: avoid FCNC problems!

- Less ad-hoc than mSUGRA; does not involve nonrenormalizable

supergravity.

- Mass scale of SUSY-breaking physics can be much lower.

MSUSY ∼ TeV ' Cmess
FSUSY
Mmess

(Cmess: coefficient from messenger couplings)

Interesting new phenomenology:

- Fermionic part of the field that causes SUSY-breaking (“gold-

stino”) gets eaten by gravitino, giving it mass.

- Gravitino mass is M
G̃
∼ FSUSY

MPl
∼ 1

Cmess
TeV×Mmess

MPl
- For low Mmess, FSUSY can be small: gravitino can be the LSP!
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Next-lightest SUSY particle (NLSP) decays into gravitino, plus

another particle depending on NLSP’s identity.

Gravitino (really goldstino) couplings can be very weak: NLSP can

have macroscopic decay length.

Photino NLSP: Ñ1 → G̃γ

SUSY events all contain two hard photons.

Macroscopic decay length means displaced vertices, non-pointing

photons.

Slepton NLSP: metastable heavy charged particle.

Slow minimum-ionizing tracks, displaced charged-lepton vertices.

Decays in the cavern wall if lifetime long enough.

Gravitino dark matter:

Terrible implications for direct or indirect detection because DM

particle is super-weakly interacting.
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Anomaly-mediated SUSY breaking (AMSB)

Special case of gravity mediation:
- No tree-level coupling to communicate SUSY breaking to visi-
ble sector.
- SUSY-breaking mediated by loop effects (also present in mSUGRA,
but much smaller than tree-level).
- Flavor-blind. [Simplest models have negative slepton mass-squared: have to intro-

duce scalar mass parameter m2
0 to fix it up.]

Gaugino masses generated at one-loop by the “superconformal
anomaly” from the gravitino mass:

Ma = bMSSM
a

(
αa

4π

)
m3/2

bMSSM
a =

(
33
5 ,1,−3

)
are the gauge beta functions

Minus signs in fermion masses can be eliminated by field redefinition—not physical.

After RGE running, M1 : M2 : M3 = 2.8 : 1 : 8.3.
Wino is lightest!

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010

31



Dramatic impact on phenomenology:

- Ñ1 and C̃±1 are nearly degenerate: typically ∆M . GeV.

- C̃±1 decays almost exclusively into Ñ1 plus a soft π±.

- C̃±1 can have detectably-long decay length.

Figure 1: Part of the sparticle spectrum at the Snowmass point SPS 9 which has m0 =

450 GeV, m3/2 = 60 TeV and tan β = 10, µ > 0. Solid black lines indicate branching ratios

(BR’s) greater than 10%, dashed blue lines show BR’s in the range 1% → 10%, while red

dotted lines show BR’s in the range 0.1 → 1%. The sparticles are displaced horizontally

for clarity.

The ẽR and ẽL masses are approximately equal (fig. 1) because in mAMSB the

slepton masses are principally determined by m0. A more detailed analysis would

be required to determine if the ẽR and ẽL masses could be separately measured from

two nearby edges in the ll invariant mass distribution, as was noted in [29] for a

similar point. The decay of the right-sleptons to the Wino-like LSP is suppressed,

but not sufficiently to produce a measurable displaced vertex from slepton decay

(τ ∼ 10−16 s). In fact even if the Bino-like component of the LSP becomes extremely

small, the decay ẽR → τ̃1 → χ̃0
1 will remain unsupressed. This is particularly true at

high tan β since the mixing between the left- and right-handed staus increases with

the tau Yukawa coupling.

Because the gluino has a similar mass to the heavier squarks at SPS 9 it decays

primarily to t̃1 and b̃1, meaning that gluino production will lead to large numbers

of b-quarks. This is not a general (or unique) feature of mAMSB, and while vertex

tagging of jets could help distinguish this particular point from the SM it is not used

in our analysis.

4

Benchmark point SPS9

Can have other patterns for

sfermion mass scale.

Key feature is the nearly-

degenerate lightest neutralino

& chargino.

Still see missing ET .

Barr et al, JHEP 0303, 045 (2003)
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Maybe it’s something else entirely?

“SUSY without prejudice”: Berger et al, JHEP 0902, 023 (2009)

- Randomly sample a general CP-conserving MSSM with minimal

flavor violation

- Impose all expt constraints and DM requirement (upper bound)

- Generate signal MC and survey characteristic signatures

Much broader set of predictions for SUSY properties, expt ob-

servables than in standard benchmarks.
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Reconstructing the high-scale theory

The RGEs will let us extrapolate the high-scale physics based on
measurements of the EW scale parameters.

Sample mSUGRA spectrum:

from Blair, Porod & Zerwas, hep-ph/0210058

Run soft-SUSY-breaking parameters up, see if they unify:
insight into physics at the highest energy scale!
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Contrast gauge-mediated SUSY breaking spectrum:

from Blair, Porod & Zerwas, hep-ph/0210058

Soft-SUSY-breaking parameters do not unify in GMSB:
they are related to beta-functions at the messenger scale Mmess.

This is the real motivation for measuring SUSY masses and cou-
plings. Need high precision as much as possible.
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Measure SUSY masses and couplings

A new challenge:

- Each SUSY event contains two invisible massive particles.

- Can’t reconstruct invariant mass bumps.

- Can’t even measure transverse mass like for W → `ν.

Need to use more sophisticated techniques:

Take advantage of decay chains.

- Kinematic endpoints

- Four-momentum conservation relations

- Other kinematic tricks

(More on this in Lecture 4.)
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Summary

SUSY discovery prospects generically good at LHC

- Lots of jets, missing pT

SUSY phenomenology is mostly controlled by the mass spectrum.

- SUSY-breaking mediation mechanism

- Renormalization-group running

Potential insight into the highest energy scales through the pat-

tern of SUSY-breaking masses

Near-term challenge:

- Discover new physics!

- See whether it’s SUSY by measuring couplings, spins

- Measure masses, other coups and reconstruct high-scale theory

Heather Logan (Carleton U.) SUSY (3/4) HCPSS 2010

37


